Metronidazole (MTZ: 1 beta-hydroxyethyl-2-methyl-5nitromidazole), as a synthetic antibiotic belonging to the nitroimidazole class, is an antibacterial and anti-protozoal agent. 1 It is most widely used to treat infectious diseases caused by anaerobic bacteria and protozoa. 2 However, due to its ring structure, it can cause carcinogenic, teratogenic, mutagenic and genetic toxicities to humans. 3-5 Therefore, it is very important to develop highly sensitive and rapid methods for MTZ determination. For this purpose, a variety of analytical methods have been used so far, including different versions of high-performance liquid chromatography and ultra-performance liquid chromatography, 6-9 thin layer chromatography, 10,11 gas chromatography, 12,13 and spectrophotometry. 14, 15 The above-mentioned methods suffer from technical problems in drug separation and detection, such as being costly and time-consuming and needing large amounts of samples. Most importantly, separation of MTZ by those techniques needs purification and pre-concentration. In this context, electrochemical methods prove to be of benefit due to their low cost, simple operation, fast response, and ease of handling. [16] [17] [18] Many researchers have reported that modification of electrodes by using nanoparticles and molecularly imprinted polymers (MIPs) is a key step to design, fabricate, and operate sensors and biosensors. 18-20 Nanomaterials can improve the sensitivity of nanosensors by enhancing the electron transfer rate and expanding the actual surface area of electrodes. [21] [22] [23] In addition, MIPs have advantages such as simplicity, low cost and high selectivity. At the same time, unlike other materials, they are effective even for ultra-trace quantities. 24, 25 The MIP electrochemical sensors can be made in a variety of ways including bulk polymerization, sol-gel process, Abstract Introduction: BIn the present study, a selective electrochemical sensor was developed to detect metronidazole (MTZ) through the modification of a screen-printed carbon electrode. Also, molecularly imprinted polyaniline (PANI) film layer/gold nanowire /reduced graphene oxide (GNW/rGO) was used to facilitate the charge transfer process and increase the specific surface area of the sensor. Materials and Methods: The molecularly imprinted PANI electropolymerization process and MTZ accumulation on the electrode were optimized using the response surface method. The modified screen printed carbon electrode (SPCE) was characterized by scanning electron microscopy and electrochemical impedance spectroscopy (EIS). Results: The performance of the proposed electrochemical sensor was analyzed, and it proved to have a linear range of 0.03-980.0 nmolL -1 and a detection limit of 0.015 nmolL -1 . The selectivity tests of the nanosensor showed its higher specificity for MTZ, as compared to other similar molecules. Furthermore, the developed sensor was successfully applied to detect MTZ in tablets and urine samples with a good recovery percentage.
electropolymerization, and layer-by-layer deposition. 26, 27 Among these, electropolymerization is a simple, safe and more convenient way of fabricating MIP films directly on the surface of an electrode. The thickness and morphology of electropolymerized films can be controlled by adjusting the voltage and the number of cycles. 28 Polyaniline (PANI) as a conductive polymer is widely used in MIP-based electrochemical detection methods. It is also combined with nanomaterials to form a nanocomposite and pool the advantages of both MIP-PANI and nanomaterials. 29 In this study, an electrochemical sensor was developed to determine MTZ by using molecularly imprinted PANI (MIP) combined with a gold nanowire (GNW)/reduced Graphene Oxide (rGO) modified screen printed carbon electrode (SPCE). The use of SPCEs offered such advantages as good reproducibility, low production cost, good thermal conductivity and electrical resistivity. Graphene oxide sheets are very good candidates for the fabrication of electrochemical sensors because they provide a 2D environment for electron transport with a high surface area, excellent conductivity and high mechanical strength. 30, 31 Also, GNW with a large surfaceto-volume ratio and excellent electrical conductivity are one of the most widely used metal particles for the construction of sensors. 32, 33 The integration of SPCE with an MIP/GNW/ rGO Nano composite led to the increase of the electrode area, improvement of its conductivity and sensitivity as well as an enhancement in the oxidation current response of MTZ. The fabrication procedure was assessed using field emission scanning electron microscopy (FESEM) and electrochemical impedance spectroscopy (EIS). In addition, the proposed sensor was applied to tablets and urine samples with satisfactory results.
Experimental

Materials
Reduced graphene oxide (rGO, 2.0 mgmL -1 ) and gold nanowire (GNW, 2.0 mgmL -1 ) dispersions were purchased from Sigma-Aldrich, USA. The other materials were purchased from MERCK, Germany.
Apparatus
Electrochemical measurements were performed by a PGSTAT101 (Autolab, the Netherlands) connected to a SPCE (Model DRP-C110) from Dropsens Co., Spain. In the SPCE system, the working, counter and reference electrodes were of carbon, platinum and silver respectively. Characterization through FESEM was done by a MIRA3 TESCAN instrument. The TEM images were taken for characterization using a Zeiss-EM10C-80 KV transmission electron microscope (Germany). Through the KBr method, the binding of MTZ molecules on the surface of the MIP-based sensor was demonstrated by means of a Fourier transform infrared spectrometer (FTIR) from Bruker Co., Germany.
Preparation of the MIP/GNW/GO/SPCE The schematic diagram for the stepwise procedure of fabricating an MIP-based nanosensor is presented in Scheme 1. The surface of a SPCE working area was first cleaned using double distilled water, and then 2.5 μL of an rGO suspension was placed on it. The electrode was stored at room temperature until completely dried. Then, 3.0 µL of a GNW suspension was placed on the GO/SPCE, and the modified electrode was incubated in a humid container until completely dried (the obtained electrode was named 'GNW/ rGO/SPCE'). Afterwards, the modified SPCE was placed in a solution containing 0.075 molL -1 HNO 3 , 0.025 molL -1 H 2 SO 4 , 0.1 molL -1 aniline and 5.0 mmolL -1 MTZ. The aniline was electropolymerized by cyclic voltammetry at -0.2 V to +1.0 V with the scan rate of 20 mVs -1 for five repeated cycles. After that, the prepared MIP-modified SPCE was washed with an ethanol/water mixture to dissolve and extract MTZ from the PANI matrix. After the extraction of MTZ, some pores remained in the PANI, known as molecular imprint (MIP). The resulting electrode was named 'MIP/GNW/rGO/SPCE' .
On the purpose of characterization, each of the above fabrication steps were followed by EIS in a 5.0 mmolL -1 K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ] containing 1.0 molL -1 KCl. Furthermore, FESEM imaging was performed for the nanoparticle-modified SPCE and the MIP-modified electrode.
Detection of MTZ
The MIP/GNW/rGO/SPCE was dipped in a 0.1 molL -1 phosphate buffer solution (pH 5.5) containing MTZ stirred at 100 rpm for 12 minutes. The electrochemical response of the MTZ molecules accumulated in the MIP deposited on the SPCE was measured by differential pulse voltammetry.
Results and Discussion
Fabrication of the developed nanosensor is explained in Scheme 1. As it is shown, a bare SPCE was modified with Scheme 1. Overview of the Steps of Fabricating the MTZ Nanosensor Based on Aniline MIP Layer Electropolymerization. rGO and GNW. Then, aniline was electropolymerized using CVs on the surface of the GO/GNW modified SPCE. After the template MTZ molecules were washed, the formed MIPs were ready to collect MTZ molecules in every solution for pre-concentration as well as detection of MTZ using DPV. The FESEM imaging, as the main characterization method, was done in every modification step.
Modeling and Optimization of MTZ Determination
In MIP-based electrochemical sensing, it is necessary to optimize electropolymerization conditions and accumulation conditions. In this study, the number of cycles for electropolymerization, sample pH and accumulation time were optimized using the response surface methodology. The levels of the chosen variables are presented in Table 1 .
Using this statistical method with the lowest number of experiments, an investigation was performed on the simultaneous effects of three significant variables on the response of the method suggested for the detection of MTZ through its oxidation signals. In addition, the results for the statistical optimization obtained through the designed experiments and ANOVA analysis are presented in Tables 2 and 3.
Analysis of variance was done on the data to assay the interactions among them. The analysis was done using the design of experiment (DOE) software version 11.0.1 (Table  3) . A P value less than 0.05 in the ANOVA table indicates the statistical significance of the proposed model at the confidence level of 95%. An F test was also applied to evaluate the statistical significance of all the terms in the polynomial equation at the confidence level of 95%. The results in the table point out to the encoded parameters A, B and C as the variables that affected the oxidation signal of MTZ on the proposed sensor. In addition, the interactions between variables A and B, A and C, and B and C had significant effects on the oxidation signal of MTZ. Based on the reported F values, variables C (accumulation time), A (scan cycle) and B (pH) had the most effects on the oxidation signal of MTZ.
The DOE software presents a second-order fitting equation for result modelling and result prediction. It also evaluates the model suitability using an ANOVA test. Therefore, the second-order polynomial equation should be expressed by equation (1):
Variables A, B and C have positive effects on the oxidation signal of MTZ, but the effect of C is greater. This means that accumulation time has a better effect on the oxidation signal of MTZ. The above equation can be applied to predict the oxidation signal of MTZ with the proposed method within the range of the variables chosen.
Effects of Model Parameters and Their Interactions
An important advantage of the DOE software is its ability to produce three-dimensional (3D) response surface plots with which to illustrate the influence of individual variables and their interactions on the response. 29 The interactions between the three independent variables (i.e. the number of cycles for electropolymerization, sample pH and accumulation time) and the oxidation signal of MTZ as the dependent variable are presented in Figure 1 . Figure 1a shows the 3D plots of the simultaneous effects of the number of the CV cycles of the electropolymerization process and pH on the oxidation signal of MTZ within the accumulation time of 10 minutes. The highest current value was achieved with seven scan cycles. At lower potentials, the sensitivity declined, probably because of the formation of a non-uniform PANI and the decrease of the binding sites. The oxidation current was also reduced when excessive scan cycles were applied. This could be related to the low-conductive layer formed in the oxidization of PANI, which negatively affected the oxidation of MTZ.
In addition, the oxidation signal of MTZ steadily improved by the increase of pH from 3.0 to 6.5, but it reduced at pH 7.0 to 10.0. At lower pH values, the MTZ oxidation signal was the lowest, and it reached its peak at pH 6.5. Therefore, the interaction between MTZ and the PANI layer deposited on the SPCE could be due to the pK a of MTZ, which was stated earlier as pK a = 2.38 and PANI pK a = 4.6. 34, 35 The functional group of PANI (i.e. NH 2 ) is protonated in acidic pH (pH < pK a = 4.6), and MTZ has a partial positive charge in this condition. Therefore, the repulsive energy between a PANI film and MTZ inhibits appropriate interactions of MTZ molecules with PANI surface functional groups. As a result, in this study, MTZ molecules did not accumulate at the sensor surface to participate in redox reactions. The oxidation signal of MTZ was, thus, low. At a pH value close to 5.0, the hydroxyl group of MTZ (ROH) changed to (RO -). Due to the attraction between the oppositely charged species, MTZ molecules were attracted to the active sites at the modified SPCE, and a proper interaction could occur between the hydroxyl group of MTZ and NH 2 at PANI, leading to the accumulation of MTZ on the surface of the sensor. Finally, these accumulated molecules participated in the redox reactions and produced a high analytical signal. On the other hand, in natural and basic environments, both the MTZ molecules and the active sites at the electrode surface (the functional group of PANI) had a partial negative charge; thus, the oxidation current of MTZ decreased due to the repulsion between them.
The simultaneous effect of the number of CV cycles of the electropolymerization process and the accumulation time on the oxidation signal of MTZ at pH 6.5 is shown in Figure 1b . As it can be seen, the MTZ oxidation signals improved by an increase in the time of MTZ accumulation on the modified SPCE, but the signals became stable after a while. It can be concluded that more MTZ molecules were accumulated in the binding sites formed at the modified nanosensor surface as the time went on. In other words, the MTZ molecules had enough time to interact with the PANI film.
The objective of the optimization was to determine optimum values for the variables and ultimately to achieve the highest oxidation signal of MTZ by the modified SPCE. As a result of optimization experiments, seven cycles of the CVs of electropolymerization, 12.0 minutes as the accumulation time and the pH of 5.5 were selected as the optimal conditions for the detection of MTZ. These conditions were then applied to the experiments that were followed.
Characterization of the modified SPCE The TEM images of rGO and GNW are presented in Figures  2a and 2b . According to Figure 2a , in terms of shape and layer form, the rGO sheets were found accurate enough for the modification of the SPCE. Furthermore, Figure 2b confirms the shape of the gold nanowires. Figures 2c, 2d and 2e show the FESEM images of a GNW/ rGO/SPCE, an MIP/ GNW/rGO/ SPCE and an NIP/GNW/ rGO/SPCE. As it can be seen in Figure 2c , rGO makes a higher surface area, and GNW is dispersed on the graphene oxide sheet. Thus, the actual surface of the SPCE is vastly increased to amplify the signals and enhance the electron transfer. Indeed, rGO can serve as a widespread and suitable substrate for the immobilization of gold nanowires. This increases the interaction of GNW with rGO and causes fast and effective electron transfer between them.
The scanning electron microscopy (SEM) images of the SPCEs modified with MIP and NIP are presented in Figures  2d and 2e respectively. There is a substantial morphological difference between them. Compared to NIP (Figure 2e ), the MIP surface ( Figure 2d ) contains more pores and has a rougher configuration. Actually, several deep cavities can be observed in the MIP surface. These cavities are formed by the dissolution and extraction of the MTZ molecules from the PANI matrix.
It can be mentioned that EIS is a suitable technique for understanding the interface characteristics of bare and modified electrode surfaces. 36 In order to evaluate the resistance of the electrode surface at different stages, the modified working electrode was immersed into a 0.1 molL -1 phosphate buffer (pH 7.0) containing 1.0 mmolL -1 k 3 [Fe (CN) 6 ]/k 4 [Fe (CN) 6 ], and the corresponding Nyquist curve was plotted as shown in Figure 3 . The diagonal diameter of the plots was equal to the charge transfer resistance (R ct ), and the electron transfer capacity decreased with the increment of the R ct value. 37 As observed in plot a, the semicircle diameter of the Nyquist curve of the bare SPCE is very short. This suggests that there was not much restriction on the cleaned SPCE, and the electron transfer resistance was low. Also, the R ct increased up to 2700 Ω after rGO immobilization (curve b). This could be well ascribed to the repellency of the redox probe from approaching the electrode surface by the repulsive force between GO with partially negative charges and Fe(CN) 6 ] 3−/4− anions. Upon the deposition of gold nanowires on the surface of rGO/SPCE, due to the rapid kinetics of the electron transfer at the electrode surface modified with the GNW/rGO hybrid composite, R ct dropped to 38 Ω (curve c). This behavior was predictable due to the high electrical conductivity of gold nanoparticles and the increase of the surface-to-volume ratio.
At the NIP or MIP/GNW/rGO/SCPE, after the electropolymerization of aniline, the R ct slightly increased to 1340 Ω. This occurred due to the formation of a thin layer of poly-aniline on the GNW/rGO/SPCE surface and the prevented access of the electrolyte to the SPCE surface.
There was an apparent change in the electrochemical impedance spectrum after the removal of the template molecule (MIP) from the polymer matrix (curve e with the R ct of 840 Ω). This change indicated a dramatic rise in the electron transfer rate caused by the creation of cavities in the film surface due to the extraction of MTZ molecules. It was through these cavities that the Fe(CN) 6 ] 3−/4− anions, as electro- In addition, the electrochemical performances of the MIP/ GNW/rGO/SPCE were compared in the absence (curve a) and the presence (curve b) of 100.0 nmolL -1 MTZ by CV ( Figure 4) . As it can be seen, there is a considerable difference between the two curves in terms of peak signal intensity. In the absence of MTZ, no peak exists, which makes one conclude that all the MTZ molecules are removed from the MIP matrix through washing with an ethanol/water mixture. On the other hand, in the presence of MTZ, there is a peak at 0.59 V, which can be a sign of MTZ accumulation in the MIP imprints and the redox activity of the MTZ molecules.
Determination of MTZ
The performance of the MIP/GNW/rGO/SPCE to detect MTZ was assayed using DPV in different MTZ concentrations, as shown in Figure 5 . In addition, the calibration plots of MTZ concentrations versus the oxidation signal of MTZ were drawn, as depicted in the inset of Figure 5 . The oxidation signal of MTZ was measured after its accumulation on the MIP/GNW/rGO/ SPCE. As it can be seen, in the MTZ concentration range of 0.03 nmolL -1 -980.0 nmolL -1 , the relationship of the oxidation signal to the MTZ concentration was linear. Therefore, the range of those MTZ concentrations was defined as a linear range. In addition, based on a previously reported method, 29 the limit of detection was found to be 0.015 nmolL -1 .
The analytical performance of the proposed method was compared to that of other methods previously reported for the determination of MTZ. As it can be concluded from Table  4 , the proposed electrochemical sensor is superior in almost every aspect to most of those ever fabricated. [38] [39] [40] [41] [42] [43] This might be attributed to the application of the MIP/GNW/rGO hybrid nanocomposite on the SPCE electrode.
Selectivity and Reproducibility
The specificity of the proposed sensor was assessed using materials with similar chemical structures and other species with a redox activity, such as nilutamide, 4-nitrobenzene, flutamide, 4-nitroaniline, 4-nitrophenol, glucose, uric acid, dopamine, ascorbic acid, and glutaric acid. Figure 6 shows the comparison of the responses of the prepared nanosensor in the presence of MTZ and the other mentioned molecules. As it can be seen, there is a big difference between the oxidation signal of MTZ and those of the other molecules. This proves that MIP/GNW/rGO/SPCEs have a high selectivity for recognizing MTZ. It can be also concluded that the cavities created in the PANI matrix act in a specific manner, and only MTZ molecules are capable of being inserted into the template.
To assess the reproducibility of the nanosensor, four MIP/GNW/rGO/SPCEs were prepared separately with 3D-HPG/PTH/(GCE) DPV 0.05 10 -9 ×10 -9 -70× 70×10 -9 -500×10 -9 1.0 10× -9 Water-tablets [42] Activated SPCE DPV 0.05 10 -6 × -563 10 -6 × 753 10 -6 × -2873 10× -6 0.01 10× -6 - [43] 85.0 nmolL -1 MTZ accumulated on them. The DPVs of the electrodes were recorded as in the previous sections. The mean and the relative standard deviation (RSD) were found to be 71 nA ± 1.7 and 2.3% respectively. A low RSD value can, indeed, be a good proof for the reproducibility of a nanosensor preparation method.
Testing the Real Samples
To confirm the reliability of the proposed method, MTZ was analyzed in tablets and urine samples. The urine samples were diluted 10 times with a 0.1 molL -1 phosphate buffer at pH 5.5 and then used as real samples. Certain spike concentrations were also added to the samples in microliter volumes. The measurements were performed in three replications, and their RSD were calculated for each concentration. Table 5 shows the results of the tests. It presents information about the initial measurement, amount of spiking and rate of detection after spiking. As it can be seen, the recovery percentages are fairly near 100%, and their relative standard deviations are low. These results suggest that the nanosensor can be applied in future clinical studies for separation and or detection of MTZ in real samples.
Conclusions
In this study, a novel electrochemical nanosensor was developed based on a SPCE modified with an MIP/GNW/ rGO nanocomposite to separate and quantify MTZ. The nanocomposite was prepared by electropolymerization to enhance the signals of the nanosensor as well as its capability of MTZ detection. In analytical experiments, the nanosensor proved to have a wide linear range from 0.03 nmolL -1 to 980.0 nmol L -1 and a LOD of 0.015 nmolL -1 for MTZ measurement. The sensor was used to separate and quantify MTZ in tablets and urine samples. It also had good performance in simulated samples. In comparison with other methods of MTZ detection, the proposed MIP-based electrochemical sensor offers a wider linear response and a lower detection limit. It also involves no expensive amplification or separation techniques. The sensor claims to be of practical applications as it has been successfully applied to detect MTZ in tablets and urine samples. 
